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Description 

[0001] In recent years, there has been developed an 
optical element in which porous silicon is formed to be 
used as a light emitting element. Japanese Laid-Open 
Patent Publication No. 4-356977 discloses such an op- 
tical element, in which a large number ot micro-pores 
102 are formed in the surface region of a silicon sub- 
strate 101 by anodization, as shown in FIG. 33. If the 
porous silicon is irradiated with light, photoiumines- 
cence having its absorption edge in the visible region is 
observed, which implements a light-receiving/light-emit- 
ting element using silicon. That is, in a normal semicon- 
ductor apparatus composed of single-crystal silicon, an 
excited electron makes an indirect transition to a lower 
energy level so that the energy resulting from the tran- 
sition is converted into heat, which renders light emis- 
sion in the visible region difficult. However, there has 
been reported a phenomenon that, if silicon has a walled 
structure, such as porous silicon, and its wall thickness 
is about 0.01 \xm, the band width of the silicon is en- 
larged to 1 .2 to 2.5 eV due to the quantum size effects, 
so that an excited electron makes a direct transition be- 
tween the bands, which enables light emission. 
[0002] It has also been reported that two electrodes 
are provided on both ends of the porous silicon so that 
electroluminescence is observed by the application of 
an electric field. 

[0003] However, if electroluminescence is to be ob- 
tained by the application of an electric field or photolu- 
minescence is to be obtained by the irradiation with light 
of the porous silicon formed by anodization in the sur- 
face region of the silicon substrate 101 as shown in FIG. 
33, the following problems are encountered. 
[0004] That is, the diameter and depth of the micro- 
pore 102 formed by anodization are difficult to control. 
In addition, the configuration of the micro-pore 102 is 
complicated and the distribution of its wall thickness is 
extremely random. As a resuft, if etching is intensely per- 
formed in order to reduce the wall thickness, the wall 
portions may be partially torn and peeled off the sub- 
strate. Moreover, since the distribution of the wall thick- 
ness is random, the quantum size effects are not gen- 
erated uniformly over the whole wall portions, so that 
light emission with a sharp emission spectrum cannot 
be obtained. Furthermore, the wall surface of the micro- 
pore in the porous silicon readily adsorbs molecules and 
atoms during anodization, due to its complicated con- 
figuration. Under the influence of the atoms and mole- 
cules attached to the surface of the silicon, the resulting 
optical element lacks the capability of reproducing a re- 
quired emission wavelength and its lifespan is also re- 
duced. 

[0005] A semiconductor device comprising a region 
of porous silicon providing similar micropores is known 
from Patent Abstract of Japan, vol. 17, no. 356 (E-1 394) 
& JP-A-5 055 627. 

[0006] On the other hand, with the development of the 



present information-oriented society, a semiconductor 
apparatus in which a semiconductor integrated circuit is 
disposed has presented an increasing tendency toward 
the personalization of advanced info-communication 
5 appliances with large capacities. In other words, there 
has been a demand for appliances which enable ad- 
vanced information transmission to and from a handheld 
computer or cellular phone. To meet the demand, it is 
required to not only enhance the performance of the 
w conventional semiconductor apparatus, which process- 
es only electric signals, but also implement a multi-func- 
tion semiconductor apparatus which processes light, 
sounds, etc., as well as electric signals. FIG. 34 shows 
the cross sectional structure of a three-dimensional in- 
J5 tegrated circuit system that has been developed in order 
to satisfy the requirements. Such a three-dimensional 
integrated circuit system is expected to surmount the 
miniaturization limit inherent in the conventional two-di- 
mensional integrated circuit system as well as improve 
20 and diversify functions to be performed. In the drawing, 
a PMOSFET 110a consisting of a source 103, a drain 
104, a gate oxide film 105, and a gate 106 is formed in 
the surface region of an n-well 102. which is formed in 
a p-type silicon substrate 101a as a first layer. In the 
25 surface region of the first-layer silicon substrate 101 a 
are formed semiconductor apparatus including an 
NMOSFET 1 1 0b consisting of the source 1 03, drain 1 04. 
gate oxide film 105, and gate 106. There are also formed 
a connecting wire 1 07 between the source and drain re- 
30 gions and an inter-layer insulating film 108 for covering 
each region, which has been flattened. On the inter-lay- 
er insulating film 108 is formed a second-layer silicon 
substrate 101b made of single-crystal silicon. On the 
second-layer silicon substrate 101b are also formed 
35 semiconductor apparatus such as the PMOSFET 11 0a 
and NMOSFET 110b, similarly to the semiconductor ap- 
paratus on the above first-layer siticon substrate 101a. 
The semiconductor apparatus in the first layer and the 
semiconductor apparatus in the second layer are elec- 
40 trically connected via a metal wire 109 (see, e.g., "Ex- 
tended Abstracts of 1st Symposium on Future Electron 
Devices," p.76, May 1982). 

[0007] However, such a three-dimensional integrated 
circuit system has the following problems. The wire 1 09 
45 is formed by a deposition method in which, after a con- 
tact hole was formed, a wiring material is deposited and 
buried in the contact hole. Since the resulting contact 
hole becomes extremely deep, deficiencies such as an 
increase in resistance value and a break in wiring are 
50 easily caused by a faulty burying of the wiring material, 
resulting in poor reliability. With such problematic man- 
ufacturing technology, it is difficult to implement a three- 
dimensional integrated circuit system which can be 
used practically. In particular, it is extremely difficult to 
55 implement an integrated circuit system in more than 
three dimensions. 

[0008] In the "Materials Research Society Symposi- 
um Proceedings", Vol. 283, •Micro-crystalline Semicon- 
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ductors: Materials Science and Devices', Symposium, 
Boston, U.S.A. November 30 to December 4, 1992, pag- 
es 57 to 63; H.I. Liu, et at: "Silicon Quantum Wires Ox- 
idation and Transport Studies", the formation of colum- 
nar silicon structures by a combination of high resolution 
electron beam lithography and anisotropic reactive ion 
etching is described. The columnar structures are ther- 
mally oxidated after their formation. 
[0009] EP-A-0544408 describes a semiconductor de- 
vice comprising a large number of semiconductor micro- 
needles juxtaposed in a substrate, each of the semicon- 
ductor micro-needles having a diameter sufficiently 
small to cause quantum size effects. These micro-nee- 
dles extend from the surface of the silicon substrate to 
a specified depth. The production process for these mi- 
cro-needles comprises the steps of forming a dotted 
mask on a silicon substrate coverings large number of 
dot regions. 

[0010] A method of manufacturing an aggregate of 
semiconductor micro-needles having the features of the 
preamble of claim 1 is known from EP-A-0 544 408. 
[0011] It is the object of the invention to provide an 
improved manufacturing method for an aggregate of 
semiconductor micro-needles which exerts remarkable 
quantum size effects. 

[0012] This object is achieved with a method having 
the features of the characterizing portion of claim 1. 
[001 3] In the step of forming the dotted mask, it is pos- 
sible to deposit a large number of grains, each having 
a diameter sufficiently small to cause the quantum size 
effects of the above semiconductor, directly on the 
above silicon substrate so that the grains constitute the 
dotted mask. In accordance with the method, the aggre- 
gate of semiconductor micro-needles, which is different 
in structure from the conventional porous semiconduc- 
tor, can be formed easily. 

[0014] As the grains forming the dotted mask, grains 
of a semiconductor material with metal seeds serving 
as nuclei for the growth of the grains of the semiconduc- 
tor material, are used. 

[001 5] Preferable embodiments are the subject mat- 
ter of the appended subclaims. 
[001 6] After the formation of the grains, it is possible 
to perform the step of annealing the grains at least once 
so as to reduce the interface after the formation of the 
grains. With the annealing step, each of the resulting 
grains presents an excellent configuration closer to a 
sphere. 

[0017] Furthermore, in forming the above quantized 
region, it is also possible to perform the step of forming 
an insulating layer so as to surround each of the above 
semiconductor micro-needles. In accordance with the 
method, it is possible to prevent an impurity from enter- 
ing into each semiconductor micro-needle as well as 
discharge the impurity out of the semiconductor micro- 
needle. 

[001 8] The step of forming the above insulating layer 
is preferably performed by filling up the space surround- 



ing each of the above semiconductor micro-needles 
with the insulating layer. The step of forming the above 
insulating film can also be performed by CVD or by ther- 
mally oxidizing the surfaces of the semiconductor micro- 
s needles. 

[0019] An upper electrode electrically connected to 
each semiconductor micro-needle over the upper ends 
of the above semiconductor micro-needles can be 
formed. 

w [0020] In accordance with the method, a semiconduc- 
tor apparatus with the advanced information processing 
function as described above can easily be manufac- 
tured. 

[0021 ] It is possible to further provide the step of f orm- 
15 ing a p-n junction in the above silicon substrate and 
form, in the above step of forming an aggregate of sem- 
iconductor micro-needles, the semiconductor micro- 
needles by performing etching to a point at least tower 
than the above p-n junction. In accordance- with the 
20 method, a p-n junction is formed in each semiconductor 
micro-needle, thereby enhancing the quantum size ef- 
fects. 

[0022] It is also possible to perform the step of forming 
a discrete insulating layer which surrounds the above 
25 aggregate of semiconductor micro-needles so that the 
aggregate of semiconductor micro-needles is laterally 
isolated from other regions. In this case, it is preferable 
to further perform the step of forming at least one lateral 
electrode to be connected to the silicon substrate 
30 through the above discrete insulating layer. In accord- 
ance with the method, it becomes possible to input and 
obtain an electric signal from the lateral side of the quan- 
tized region. 

[0023] With the above inventive method the following 
35 semiconductor devices can be manufactured, for exam- 
ple. 

[0024] If a structure in which a large number of sem- 
iconductor micro-needles are arranged is used instead 
of a porous structure, the diameters of the semiconduc- 
40 tor micro-needles become uniform. It is therefore desir- 
able to provide a quantized region for implementing in- 
tense light emission with a narrow wavelength distribu- 
tion, such as electroluminescence or photolumines- 
cence, and conversion of optical signals to electric sig- 
45 nals. 

[0025] An advanced information processing function 
can be provided by incorporating an aggregate of sem- 
iconductor micro-needles with various signal converting 
functions into an integrated circuit system. 
so [0026] An aggregate of semiconductor micro-needles 
may comprise, as their basic structure, a large number 
of semiconductor micro-needles juxtaposed in a sub- 
strate, each of said semiconductor micro-needles hav- 
ing a diameter sufficiently small to cause the quantum 
55 size effects. 

[0027] With the basic structure, the band width of a 
semiconductor material composing the semiconductor 
micro-needles is expanded due to the so-called quan- 
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turn size effects. As a result, the direct transitions of 
electrons occur even in a semiconductor material such 
as silicon in which excited electrons make indirect tran- 
sitions in the proper size to cause the quantum size 
effects . Consequently, it becomes possible to constitute 
a light emitting element, wavelength converting ele- 
ment, light receiving element, or the like in which the 
aggregate of semiconductor micro-needles is disposed 
by using the photoluminescence and electrolumines- 
cence resulting from the quantum size effects of each 
semiconductor micro-needle, variations in electric char- 
acteristics caused by the radiation of light, and the like. 
In this case, unlike a conventional quantized region 
composed of silicon with a porous structure or the like, 
the quantized region is constituted by the aggregate of 
semiconductor micro-needles, so that the diameter of 
each semiconductor micro-needle becomes sufficiently 
small to cause significant quantum size effects and be- 
comes uniform even if the diameter faces any direction 
in a plane perpendicular to the axial direction. 
[0028] In the structure of the above aggregate of sem- 
iconductor micro-needles, it is preferable that each of 
the above semiconductor micro-needles is formed sub- 
stantially perpendicular to the surface of the above sub- 
strate and that the above semiconductor micro-needles 
are formed discretely. 

[0029] In the above aggregate of semiconductor mi- 
cro-needles, a protective layer can be obtained by form- 
ing an insulating layer on the side portions of the semi- 
conductor micro-needles. In particular, it becomes pos- 
sible to obtain light from the lateral side of the semicon- 
ductor micro-needles by composing the insulating layer 
of an oxide. 

[0030] By composing the insulating layer of two layers 
of an inner oxide layer and an outer nitride layer over 
the inner oxide layer, it becomes possible to exert a com- 
pressive stress on each semiconductor micro-needle 
without preventing the obtention of light from the lateral 
side of the aggregate of semiconductor micro-needles, 
thereby remarkably exerting the quantum size effects. 
[0031] A semiconductor apparatus may comprise as 
its basic structure: a silicon substrate; and a quantized 
region composed of an aggregate of semiconductor mi- 
cro-needles, each of said semiconductor micro-needles 
extending from the surface of the above silicon sub- 
strate to a specified depth and having a diameter suffi- 
ciently small to cause the quantum size effects. 
[0032] With the basic structure, there can be imple- 
mented a semiconductor apparatus with excellent per- 
formance utilizing the remarkable quantum size effects 
of the aggregate of semiconductor micro-needles de- 
scribed above. Hereinafter, it will be assumed that an 
electric signal and optical signal input to the quantized 
region are a first electric signal and first optical signal, 
respectively, while signals output from the quantized re- 
gion are a second electric signal and second optical sig- 
nal, respectively. 

[0033] The following elements can be added to the 



basic structure of the above semiconductor apparatus. 
[0034] It is possible to provide an optical -signal gen- 
erating means for generating a first optical signal so that 
the first optical signal is made incident upon the above 

5 quantized region and that the above first quantized re- 
gion receives the first optical signal from the above op- 
tical-signal generating means and generates a second 
optical signal. With the structure, the quantized region 
functions as an optical converting element. 

10 [0035] It is possible to form a trench in a part of the 
above silicon substrate and to provide the above quan- 
tized region and optical-signal generating means on 
both sides of the above trench, so that they face each 
other. With the structure, the semiconductor apparatus 

is constitutes a two-dimensional integrated circuit system 
with an advanced information processing function com- 
parable to a three-dimensional integrated circuit sys- 
tem. 

[0036] It is possible to provide an upper electrode over 
20 the above quantized region so that the upper electrode 
is electrically connected to the upper end of each of the 
above semiconductor micro-needles. With the struc- 
ture, it becomes possible to convert electric signals into 
optical signals and vice versa via the quantized region. 
2S [0037] It is possible to add optical detecting means for 
receiving the second optical signal generated in the 
above quantized region and generating a third electric 
signal. 

[0038] It is possible to provide the above light detect- 
30 ing means in a portion different from the above quan- 
tized region of the above silicon substrate and to com- 
pose the above light detecting means of an aggregate 
of semiconductor micro-needles each having a diame- 
ter sufficiently small to cause the quantum size effects. 
35 [0039] It is possible to constitute the quantized region 
of the above basic structure so that it receives a first 
optical signal and generates a second electric signal 
and it is possible to provide: optical-signal generating 
means for generating the above first optical signal so 
40 that the first optical signal is made incident upon the 
above quantized region; and an electric circuit for 
processing the second electric signal generated in the 
above quantized region. 

[0040] It is possible to provide stress generating 
45 means for generating a stress in each of the above sem- 
iconductor micro-needles in the above quantized re- 
gion, the above stress being in the axial direction of each 
of the above semiconductor micro-needle, and to con- 
stitute the above quantized region so that it receives the 
so above first electric signal and generates the second op- 
tical signal having a wavelength corresponding to the 
stress in each of the above semiconductor micro-nee- 
dles. With the above structure, the semiconductor ap- 
paratus is provided with a force-to-optical signal con- 
55 verting function. In this case, the force-to-optical signal 
converting function is particularly enhanced by compos- 
ing the above stress generating means of the above up- 
per electrode and of a probe connected to the upper 
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electrode so as to transmit a mechanical force from the 
outside. 

[0041] The upper electrode of the above basic struc- 
ture can be made of a transparent material. With the 
structure, it becomes possible to input the first electric 5 
signal to the quantized region without preventing the 
obtention of the second optical signal from each semi- 
conductor micro-needle in the quantized region in its ax- 
ial direction. 

[0042] It is possible to provide on the above upper io 
electrode a condensing means, such as a concave lens, 
for condensing the second optical signal generated in 
the above quantized region, which functions as a light- 
emitting element for generating the second optical sig- 
nal. It is also possible to divide the above quantized re- »* 
gion into a plurality of linearly striped quantized regions 
in which the aggregate of the above semiconductor mi- 
cro-needles is formed into linear stripes in a plane par- 
allel to the surface of the silicon substrate, to provide 
linearly striped discrete layers for separating and insu- 
lating the above linearly striped quantized regions so 
that each linearly striped discrete layer is interposed be- 
tween any two adjacent linearly striped quantized re- 
gions, and to alternately arrange the above linearly 
striped quantized regions and linearly striped discrete 25 
layers so as to constitute a one-dimensional Fresnel 
lens. It is also possible to divide the above quantized 
region into a plurality of ring-shaped quantized regions 
in which the aggregate of the above semiconductor mi- 
cro-needles is formed into rings in a plane parallel to the 30 
surface of the silicon substrate, to provide ring-shaped 
discrete layers for separating and insulating the above 
ring-shaped quantized regions so that each ring-shaped 
discrete layer is interposed between any two adjacent 
ring-shaped quantized regions, and to alternately ar- 3$ 
range the above ring-shaped quantized regions and 
ring-shaped discrete layers so as to constitute a two- 
dimensional Fresnel lens. 

[0043] It is also possible to arrange a plurality of the 
above quantized regions so as to form a specified flat <o 
pattern in the above silicon substrate, thereby constitut- 
ing the semiconductor apparatus so that it functions as 
an optical display device. 

[0044] It is possible to dispose an LSI provided with 
an additional self-checking circuit on the above silicon « 
substrate and to provide the above quantized region in 
the self -checking circuit of the above LSI. 

FIG. 1 is a cross sectional view of a semiconductor 
device which is manufactured with the inventive so 
method; 

FIGS. 2(a) to 2(e) are cross sectional views show- 
ing the transition of the structure of a first semicon- 
ductor apparatus during its manufacturing process, 
which is useful in understanding the invention. ss 
FIG. 3 is a view showing variations in the configu- 
ration of a hemispherical grain when the deposition 
temperature and the partial pressure of SiH 4 are 



varied in this method; 

FIGS. 4(a) to 4(c) are transverse sectional views 
useful in understanding the invention showing the 
structure of an aggregate of semiconductor micro- 
needles formed using grains in the amorphous re- 
gion, the structure of an aggregate of semiconduc- 
tor micro-needles formed using grains in the <31 1 >- 
oriented region, and the structure of porous silicon 
formed by anodization, respectively; 
FIG. 5 is a view showing the characteristics of cur- 
rent with respect to voltage applied to a quantized 
region; 

FIG. 6 is a view showing the dependence of light 
emission intensity on current in the quantized re- 
gion; 

FIG. 7 is a view showing the dependence of emis- 
sion wavelength on voltage in the quantized region; 
FIGS. 8(a) to 8(e) are cross sectional views show- 
ing the transition of the structure of a second sem- 
iconductor apparatus during its manufacturing 
process; 

FIG. 9 is a view showing variations in the configu- 
ration of the hemispherical grain when the deposi- 
tion temperature and the partial pressure of SiH 4 
are varied in this method; 
FIGS. 1 0(a) to 1 0(c) are SEM photographs showing 
variations in the configurations of the hemispherical 
grains when annealing conditions are varied; 
FIG. 11 is a view showing a relationship between 
the annealing period and the grain diameter and 
density of the hemispherical grains in an improved 
method; 

FIGS. 12(a) and 12(b) are cross sectional views 
showing the transition of the grains in an inventive 
method; 

FIG. 1 3 is a view showing a difference in the grain 
distribution and grain diameter between the case 
where a surface treatment was performed and the 
case where the surface treatment was not per- 
formed; 

FIG. 1 4 is a cross sectional view of a third semicon- 
ductor apparatus; 

FIG. 15 is a cross sectional view of a fourth semi- 
conductor apparatus; 

FIG. 16 is a cross sectional view of a fifth semicon- 
ductor apparatus; 

FIG. I7a,b, is a view diagrammatically showing the 
plane structure of a one-dimensional Fresnel lens 
and the plane structure of a two-dimensional Fres- 
nel lens; 

FIG. 1 8 is a cross sectional view of a sixth semicon- 
ductor apparatus; 

FIG. 19 is a view for illustrating the movement of 
electrons in a crystal lattice of silicon to which radio- 
frequency electric power has been applied; 
FIG. 20 is a cross sectional view of a seventh sem- 
iconductor apparatus; 

FIGS. 21 (a) to 21 (c) are cross sectional view show- 
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ing the transition of the structure of the seventh 
semiconductor apparatus during its manufacturing 
process; 

FIG. 22 is a cross sectional view (or illustrating the 
principle of a stress sensor utilizing the quantized 
region of an eighth semiconductor apparatus; 
FIGS. 23(a) and 23(b) are views showing the cross 
sectional structure of the stress sensor of the eighth 
semiconductor apparatus and variations in the 
wavelength of output light from the stress sensor 
with respect to variations in stress, respectively; 
FIG. 24 is a block diagram showing the overall 
structure of the eighth semiconductor apparatus; 
FIGS. 25(a) to 25(d) are cross sectional views and 
plan views useful in understanding the invention 
showing the transition of the structure of a ninth 
semiconductor apparatus during its manufacturing 
process; 

FIG. 26 is a plan view of a display apparatus com- 
prising the ninth semiconductor apparatus; 
FIG. 27 is a cross sectional view partially showing 
a first light emitting unit of the ninth semiconductor 
apparatus; 

FIGS. 28(a) and 28(b) are cross sectional views and 
plan views showing the structure of a sound-wave 
sensor unit in the ninth semiconductor apparatus; 
FIG. 29 is a cross sectional view showing the struc- 
ture of the sound-wave output unit in the ninth sem- 
iconductor apparatus; 

FIGS. 30(a) to 30(d) are cross sectional views 
showing the transition of the structure of a tenth 
semiconductor apparatus during its manufacturing 
process; 

FIG. 31 is a cross sectional view of the tenth semi- 
conductor apparatus; 

FIGS. 32(a) to 32(d) are cross sectional views 
showing the transition of the structure ol an elev- 
enth semiconductor apparatus during its manufac- 
turing process; 

FIG. 33 is a cross sectional view of the conventional 
porous silicon formed by anodization; and 
FIG. 34 is a cross sectional view partially showing 
a conventional three-dimensional integrated circuit 
system. 

[0045] Below, the present invention will be described 
with reference to the drawings. 
[0046] A description will be given first to a first semi- 
conductor apparatus FIG. 1 is a cross-sectional view of 
an optical semiconductor apparatus. As shown in the 
drawing, the semiconductor apparatus comprises: a sil- 
icon substrate 1 of single-crystal structure; a large 
number of semiconductor micro-needles 2 extending 
from the surface of the silicon substrate 1 to a specified 
depth so that the axial direction thereof is perpendicular 
to the surface of the substrate 1; an insulating layer 3 
composed of a silicon dioxide film which fills up the 
space surrounding each semiconductor micro-needle 2: 



and a transparent electrode 4 formed on the flattened 
top ends of the semiconductor micro-needles 2 and the 
insulating layer 3. An aggregate of the foregoing semi- 
conductor micro-needles 2 functions as a quantized re- 
gion Rqa. Those ends of the above semiconductor mi- 
cro-needles 2 which are closer to the substrate 1 , here- 
inafter referred to as "base ends/ are held in combina- 
tion by the substrate 1 . Each semiconductor micro-nee- 
dle 2 has a diameter of about 2 to 50 nm. The above 
insulating layer 3 is formed by subjecting the surface re- 
gion of silicon constituting each semiconductor micro- 
needle 2 to thermal oxidation. Since the above transpar- 
ent electrode 4 is in contact with the top end of each 
semiconductor micro-needle 2, it is electrically connect- 
ed to each semiconductor micro-needle 2. Therefore, if 
a specified voltage is applied between the transparent 
electrode 4 and the silicon substrate 1 connected to the 
base ends of the semiconductor micro-needles 2 or if 
the quantized region Rqa is irradiated with light, light 
emission is caused in each of the semiconductor micro- 
needles 2 by the quantum size effects, thereby gener- 
ating electroluminescence and photoluminescence. 
[0047] Next, a description which is useful in under- 
standing the invention will be given to a method of man- 
ufacturing the optical semiconductor apparatus, FIGS. 
2 (a) to 2(e) are cross-sectional views showing the tran- 
sition of the structure of the optical semiconductor ap- 
paratus during its manufacturing process. 
[0048] First, as shown in FIG. 2(a), a top insulating 
film 5 composed of a silicon dioxide film, a silicon nitride 
film, or the like is formed on the silicon substrate 1 by 
thermal oxidation, CVD, or a tike method. Thereafter, 
hemispherical grains 6 made of silicon are deposited 
thereon by LPCVD. In this case, if a He-based 20% SiH 4 
gas is used as a raw material and a flow rate is set to 
300 ccm, the hemispherical grains with a radius of sev- 
eral nanometers as shown in the drawing can be ob- 
tained. 

[0049] In producing the hemispherical grains 6, it is 
atso possible to use a SiH 4 gas in an atmosphere of hy- 
drogen gas. In this case, it becomes particularly easy to 
control the deposition of the hemispherical grains 6. 
[0050] Next, as shown in FIG. 2(b), the top insulating 
film 5 composed of a silicon dioxide film or a silicon ni- 
tride film is etched, using a first dotted mask Ms1 con- 
sisting of the large number of hemispherical grains 6, so 
as to form a second dotted mask Ms2 composed of the 
remaining portions of the top insulating film 5, which has 
been patterned into stripes corresponding to the pattern 
of the large number of hemispherical grains 6. The etch- 
ing of the top insulating film 5 on the silicon substrate 1 
is conducted, e.g.. in an atmosphere of mixed gases of 
CF4/CHF3 = 30/40 seem under a pressure of 1 Pa with 
an RF power of 400 W. After that, each hemispherical 
grain 6 is etched away. 

[0051] Next, as shown in FIG. 2(c), the silicon sub- 
strate 1 is etched to a specified depth, using the second 
dotted mask Ms2 patterned in stripes, so as to form a 
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large number of semiconductor micro-needles 2 per- 
pendicular to the surface of the silicon substrate 1 . The 
etching is conducted in an atmosphere of mixed gases 
of CI2/02 = 90/3 seem under a pressure of 1 Pa with an 
RF power of 200 W. The side portions of each semicon- 
ductor micro-needle 2 are substantially vertical to the 
surface of the silicon substrate 1 and stand substantially 
upright. As will be described later, if the hemispherical 
grains 6 are formed under appropriate conditions, the 
semiconductor micro-needles 2 can be formed inde- 
pendently of each other with no linkage. 
[0052] Then, as shown in FIG. 2(d), the side portions 
of the semiconductor micro-needles 2 are covered with 
an insulating layer 3 composed of a silicon dioxide film 
so as to fill up the space surrounding each semiconduc- 
tor micro-needle 2, followed by the flattening of the top 
ends thereof. 

{0053] Furthermore, as shown in FIG. 2(e), the flat- 
tened portion of the insulating layer 3 which covers the 
top ends of the semiconductor micro-needles 2 is re- 
moved so as to form the transparent electrode 4 there- 
on. 

[0054] In the above first semiconductor apparatus, 
the top insulating film 5 and the first dotted mask Msl 
are successively formed on the silicon substrate 1 and 
then the second dotted mask Ms2 is formed from the 
top insulating film 5, so that the silicon substrate 1 is 
etched using the second dotted mask Ms2. However, it 
is also possible to form the semiconductor micro-nee- 
dles 2 by forming the first dotted mask Msl directly on 
the silicon substrate 1 and then etching the silicon sub- 
strate 1 , using the first dotted mask Ms1 . 
[0055] Next, a description will be given to the opera- 
tion of the optical semiconductor apparatus thus consti- 
tuted. Here, the region in which the semiconductor mi- 
cro-needles 2 are formed from the surface to a specified 
depth of the p-type silicon substrate 1 serves as the 
quantized region Rqa. When a voltage of 20 V is applied 
in the forward direction to the transparent electrode 4 
electrically connected to the semiconductor micro-nee- 
dles 2, while setting the silicon substrate 1 to the ground 
potential, visible electroluminescence is observed at 
room temperature. In the case of using silicon, since the 
electrons excited by the application of a voltage or the 
like generally undergo indirect transitions, most of the 
energy resulting from the transition is converted into 
heat, so that light emission in the visible region has been 
considered difficult. However, since the quantized re- 
gion Rqa composed of silicon is constituted by the ag- 
gregate of semiconductor micro-needles 2 each having 
a radius of several nm in the above first embodiment, 
the band width of silicon is expanded from 1 .2 eV to 2.5 
eV due to the quantum size effects, while the excited 
electrons undergo direct transitions, thereby causing 
the emission of visible light due to the direct transitions 
between the bands. Moreover, compared with the con- 
ventional porous silicon formed by anodization, the ag- 
gregate of silicon micro-needles 2 as used in the above 



first semiconductor apparatus provides a high light 
emission intensity and a sharp emission spectrum. 
[0056] Below, the reason for the advantages of a thus 
manufactured quantized region over the porous silicon 
5 formed by anodization will be deduced from a difference 
in structure therebetween. FIG. 4(a) shows the trans- 
verse sectional structure of the grains used in the above 
manufacturing process in the case where they are made 
of amorphous silicon. FIG. 4(b) shows the transverse 
10 sectional structure of the grains used in the above man- 
ufacturing process in the case where they are made of 
<3l1>-oriented single- crystal silicon. Different condi- 
tions under which these structures are formed will be 
described later. FIG..4(c) shows the transverse section- 
15 al structure of the conventional porous silicon formed by 
anodization. As shown in FIG. 4(c). since the conven- 
tional porous silicon is formed by anodization which 
renders silicon porous by primarily using micro-pores in 
the dioxide film resulting from the anode oxidation of sil- 
20 icon, a silicon wall is formed in the porous silicon. The 
thickness of the silicon wall, i.e., the distance d between 
two adjacent micro-pores on both sides of the silicon 
wall varies greatly from one portion to another (see dis- 
tances dl and d2 in the drawing). It may be considered 
2S that, if the distance d between two adjacent micro-pores 
on both sides is excessively large (as with d2 in the 
drawing), the quantum size effects cannot be caused. 
By contrast, since the semiconductor micro-needles 2 
formed by the above method form substantially discrete 
30 stripes in transverse section, as shown in FIGS. 4(a) and 
4(b), it can be considered that they have sufficiently 
small dimensions to cause the quantum size effects, 
though their diameters may differ slightly depending on 
their directions. Consequently, a higher light emission 
35 intensity and a sharper emission spectrum can be ob- 
tained. 

[0057] FIG. 5 shows the characteristics of the current 
(injected current) flowing through the aggregate of sem- 
iconductor micro-needles 2 with respect to the voltage 

40 applied to the transparent electrode 4. FIG . 6 shows the 
light emission intensity of electroluminescence with re- 
spect to the injected current in the aggregate of semi- 
conductor micro-needles 2. It will be appreciated from 
FIGS. 5 and 6 that the light emission intensity increases 

45 with an increase in the voltage applied to the transparent 
electrode 4. FIG. 7 shows the characteristics of the light 
emission intensity with respect to the voltage for carrier 
injection. It will be appreciated from FIG. 7 that color dis- 
play elements corresponding to light emission in individ- 

50 ual colors such as red, blue, and yellow can be formed 
by varying the voltage for carrier injection. 
[0058] As shown in FIGS. 2(a) to 2(e), the first semi- 
conductor apparatus has adopted, in forming the quan- 
tized region Rqa composed of the aggregate of semi- 

55 conductor micro-needles 2 of single-crystal silicon each 
having a radius of several nanometers, the same 
processing method as used in the process of manufac- 
turing a normal semiconductor apparatus such as a 
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MOSFET. That is. the space surrounding each semicon- 
ductor micro-needle 2 is filled with the oxide film 3, so 
that the top ends thereol are flattened and that the trans- 
parent electrode 4 is electrically connected to the quan- 
tized region. Therefore, the process used after mask for- s 
mation of the first semiconductor apparatus is inter- 
changeable with the conventional process of producing 
a silicon wafer for manufacturing a normal semiconduc- 
tor apparatus, so that a conventional semiconductor ap- 
paratus such as a normal MOSFET can be produced 10 
after producing the optical semiconductor apparatus. 
[0059] Next, a detailed description will be given to the 
conditions in each step of the manufacturing process for 
the above optical semiconductor apparatus. 
[0060] The method of forming the grains in the step 
shown in FIG. 2(a) has been reported since 1 990 to in- 
crease the capacity of a DRAM. For example, such a 
method is disclosed in: Ext. Abs. 22nd SSDM (1990) pp. 
869-872 by Y. Hayashide etal.; J. Appl. Phys. 71(1991) 
pp.3538-3543 by H. Watanabe et al.; and Tech. Dig. of 
VLSI Symp (1991) pp.6-7 by H. Itoh et al. By adopting 
these methods, the grains can be formed easily. 
[0061] FIG. 3 shows variations in the configuration of 
the grain when the deposition temperature and the par- 
tial pressure of SiH 4 are varied at a constant gas flow 25 
rate of 300 ccm. The graph inserted in the drawing is a 
map showing conditions under which silicon crystal 
phases are formed, which consists of: an amorphous 
region in which amorphous silicon is formed as grains; 
a <311>-oriented region in which single-crystal silicon 30 
having the <311> orientation perpendicular to the sub- 
strate surface is formed as grains; and a <110>-oriented 
region in which single-crystal silicon having the <110> 
orientation perpendicular to the substrate surface is 
formed as grains. 55 
[0062] In terms of the structure of the resulting grains, 
the following three regions are important: 

1 . A HSG-aSi region in which hemispherical grains 
(HSG) and amorphous silicon (aSi) are mixed; 40 

2. A HSG region in which hemispherical grains are 
formed all over; and 

3. A CTG region where several grains combine to 
form a cylindrical trained grain (CTG) in the form of 

a crest when viewed from the surface. 45 

[0063] The observation of the three regions has led to 
the following findings: 

(1 ) The HSG region exists in the <311 >-oriented re- so 
gion where grains were formed at a temperature 
within a range of 570 °C to 580 °C under a SiH 4 
partial pressure (formation pressure) within a range 

of 66.7 to 266.6 Pa (0.5 Torr to 2.0 Torr); 

(2) The HSG-aSi region exists in the vicinity of the ss 
boundary between the amorphous region and the 
<31l>-oriented region; 

(3) The CTG region exists mainly in the vicinity of 



the boundary between the <311>-oriented region 
and the <110>-Ohented region; 

(4) The HSG region exists in that area of the above 
<3H>-oriented region which is interposed between 
the above two regions (the HSG-aSi region and the 
CTG region); 

(5) As the grains become closer to amorphous sili- 
con in terms of structure, the grains increase in size 
accordingly. As the grains become closer to the 
<110> orientation in terms of structure, on the other 
hand, the grains decrease in size accordingly; 

(6) The amorphous region expands increasingly as 
the partial pressure of SiH 4 (formation pressure) in- 
creases; 

(7) Different grain sizes result from different densi- 
ties of nuclei for the growth of the grains (metal such 
as Ni or W) on the film surface; and 

(8) Consequently, if grains are deposited at a dep- 
osition temperature of 560 »C to 590 °C with a SiH 4 
partial pressure of 13.3 to 53.3 Pa (0.1 to 0.4 Torr), 
grains in the form of hemispheres and grains in the 
form of crests are obtained at a surface density of 
0.4 to 0.7. 

[0064] In the above method, the side portions of the 
semiconductor micro-needles 2 made of single-crystal 
silicon are subjected to thermal oxidation so as to fill up 
the space surrounding each semiconductor micro-nee- 
dle 2 with the insulating layer 3 composed of a silicon 
dioxide film. However, the present invention is not limit- 
ed to the above embodiment. Even when the insulating 
layer is not provided, light emission due to the quantum 
size effects is generated. However, if the side portions 
of each semiconductor micro-needle 2 is covered with 
the insulating layer 3 formed by thermal oxidation, the 
following advantages can be obtained. That is, not only 
impurities and foreign substances, which have been 
generated from the etching of the silicon substrate 1 in 
the formation of the semiconductor micro-needles 2 and 
attached to the side portions thereof, can be locked in 
the insulating layer 3, but also these impurities and for- 
eign substances can be prevented ever after from en- 
tering into the quantized region Rqa composed of the 
aggregate of semiconductor micro-needles 2 of single- 
crystal silicon. Since the quantized region Rqa is pro- 
tected-from the intrusion of these impurities and foreign 
substances, influences of the atoms and molecules at- 
tached to the side portions of the semiconductor micro- 
needles 2 can be eliminated, so that a uniform wave- 
length can be constantly reproduced as required, there- 
by providing a semiconductor apparatus, such as a sil- 
icon light-receiving/light-emitting element, with a long 
lifespan. 

[0065] The insulating layer 3 made of silicon dioxide 
or silicon nitride does not necessarily fill up the space 
surrounding each semiconductor micro-needle 2, either, 
as in the first semiconductor apparatus. Even when the 
insulating layer 3 is formed only in the vicinity of the sur- 
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faces of semiconductor micro-needles 2, the functions 
of locking impurities and preventing their intrusion can 
be implemented. However, if the space surrounding 
each semiconductor micro-needle 2 is filled with the in- 
sulating layer 3 as in the first semiconductor apparatus, 
a short circuit between the semiconductor micro-nee- 
dles 2 can surely be prevented as well as the top ends 
of the semiconductor micro-needles 2 can be flattened 
without impairing the configuration thereof. Conse- 
quently, an electrical connection can surely be provided 
between the semiconductor micro-needles 2 and the 
transparent electrode 4. 

[0066] Next, a description will be given to a second 
semiconductor apparatus. FIGS. 8(a) to 8(e) illustrate 
the process of manufacturing this optical semiconductor 
apparatus. The manufacturing process used is substan- 
tially the same as the manufacturing process used for 
the above first semiconductor apparatus, except that the 
conditions under which the hemispherical grains 6 are 
deposited by LPCVD are changed and that the space 
surrounding each semiconductor micro-needle 2 is filled 
up with a silicon dioxide film 3b formed by CVD or the 
like after the side portions of the semiconductor micro- 
needles 2 were covered with a thermal oxidation film 3a, 
followed by the flattening of their surface regions. In oth- 
er words, these two types of oxide films 3a and 3b con- 
stitute an insulating layer 3. 

[00671 In the step of depositing the hemispherical 
grains 6, a He-based 15% SiH 4 gas is used as a raw 
material so as to deposit the hemispherical grains 6 un- 
der the conditions of gas flow rate of 1 00 ccm, deposition 
temperature of 500 °C to 700 °C, and SiH 4 partial pres- 
sure of 13.3 to 53.3 Pa (0.1 to 0.4 Torr). If the gas flow 
rate and the deposition rate are set lower, the deposition 
can be accomplished at a lower deposition temperature. 
FIG. 9 shows variations in the configuration of the hem- 
ispherical grain 6 when the deposition temperature and 
the SiH 4 partial pressure are varied at a constant gas 
flow rate of 100 ccm. The map showing the conditions 
of FIG. 3 can be divided into the three regions of: (1) 
HSG-aSi region; (2) HSG region; and (3) CTG region 
depending on the configuration of the resulting grain, 
similarly-to the first embodiment. 
[0068] The observation of the three regions has led to 
the following findings: 

(1) The HSG region can be obtained at a tempera- 
ture of 500°C to 650 °C under a SiH 4 partial pres- 
sure of 1 3.3 to 53.3 Pa (0.1 Torr to 0.4 Torr). 

[0069] In additbn to this, the same tendencies as de- 
scribed in (2) to (7) of the above first embodiment can 
be recognized. 

[0070] (8) From the foregoing, it can be concluded 
that the proper hemispherical grains 6 can be obtained 
in a wider range of deposition temperature than in the 
above method to produce the first semiconductor appa- 
ratus. 



[0071 ] Hence, in the present method, the range of the 
appropriate deposition temperature can be expanded 
by changing the ratio of SiH 4 to the He base in the raw 
material gas and by changing the gas flow rate. The 
5 space surrounding each semiconductor micro-needle 2 
can more satisfactorily be filled with the oxide film 3b or 
nitride film formed by CVD than only with the thermal 
oxidation film. 

[0072] Although the thermal oxidation film 3a is 

10 formed prior to the formation of the silicon dioxide film 
3b in the above method, the method is not limited there- 
to. It is also possible to form the whole insulating film 3b 
by CVD for the convenience of the process. 
[0073] In this case, if the whole insulating layer 3 is 

is composed only of silicon dioxide, light emission in a lat- 
eral direction can be obtained, since the refractive index 
of silicon dioxide is small. If the whole insulating layer 3 
is composed only of silicon nitride, on the other hand, a 
difference in coefficient of thermal expansion between 

20 silicon nitride and silicon imparts a compressive strain 
to the semiconductor micro-needles 2, so that the quan- 
tum size effects can be exerted more remarkably. The 
same effects can be achieved by forming a silicon nitride 
film in place of the silicon dioxide film 3b formed by CVD. 

25 [0074] Next, a description will be given to a method 
for improving the configuration of the hemispherical 
grain 6. After the hemispherical grains 6 are formed by 
substantially the same manufacturing process as that 
used for the above first semiconductor apparatus, the 

30 SiH 4 gas in a tube is evacuated, followed by annealing 
while introducing N 2 gas, which is an inactive gas, into 
the tube. FIG. 11 shows the relationship between the 
annealing period and the grain diameter and density. It 
will be appreciated that the grain diameter decreases 

35 with an increase in annealing period. Since the surface 
and interface tend to shrink with a decrease in grain di- 
ameter, the configuration of the grain becomes closer to 
a hemisphere, resulting in a high increase rate of the 
surface area of the grain. If the annealing period be- 

40 comes 2 minutes or longer, the region with no hemi- 
spherical grain expands. The increasing difficulty with 
which the hemispherical grains 6 are formed can be at- 
tributed to the increasing degree of surface oxidization 
due to annealing, which interferes with the growth of 
45 grains on the surface. Furthermore, two-step annealing 
can be performed under two sets of conditions with dif- 
ferent partial pressures of oxygen, thereby making the 
grain diameter of the hemispherical grains 6 more uni- 
form. 

so [0075] FIGS. 10(a) to 10(c) are SEM photographs of 
hemispherical grains taken when common film-forming 
conditions (a temperature of 575 °C, a pressure of 1 33.3 
Pa ( 1 .0 Torr), and a 20% SiH 4 gas flow rate of 300 seem) 
and the same annealing temperature (575 °C) are 

55 adopted, while the other annealing conditions are var- 
ied. FIG. 10(a) shows hemispherical grains obtained 
when annealing was conducted in an atmosphere of N 2 
under a pressure of 133.3 Pa (1.0 Torr) for 30 minutes 
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immediately after the film formation. FIG. 10(b) shows 
hemispherical grains obtained when annealing was 
conducted in vacuum (about 1.33 Pa (O.OlTorr)) for 2 
minutes after the film formation and then continued un- 
der a pressure of 18.7 Pa (0.14 Torr) for 10 minutes. 
FIG. 10(c) shows hemispherical grains obtained when 
annealing was conducted in vacuum (about 1.33 Pa 
(0.01 Torr)) for 5 minutes after the film formation and 
then continued in an atmosphere of N 2 under a pressure 
of 1 33.3 Pa (1 .0 Torr) for 30 minutes. 
[0076] After the formation of the hemispherical grains 
6, semiconductor micro-needles 2, the insulating layer 
3, the transparent electrode 4 and the like are formed in 
substantially the same process as used for the above 
first semiconductor apparatus. 
[0077] Since the present method has reduced the di- 
ameter of the hemispherical grain 6 by annealing and 
has improved the configuration thereof so that it be- 
comes closer to a hemisphere, semiconductor micro- 
needles 2 with a substantially uniform radius can be 
formed in a plane in the vicinity of the surface of the sil- 
icon substrate 1 . Moreover, since the radius of semicon- 
ductor micro-needles 2 constituting the quantized re- 
gion becomes uniform, the emission spectrum becomes 
sharper, while the light emission intensity increases. 
[0078] Next, a description will be given to the inventive 
method FIGS. 1 2(a) and 1 2(b) are cross sectional views 
for illustrating a procedure of forming the hemispherical 
grains. 

[0079] First, as shown in FIG. 12(a), crystal growth 
nuclei 8 serving as nuclei for the crystal growth of grains 
are formed on the top insulating film 5 on the silicon sub- 
strate 1 . The crystal growth nuclei 8 are made of metal 
such as tin or rhodium. To form the nuclei, the silicon 
substrate 1 with the top insulating film 5 deposited ther- 
eon is immersed in a surface treatment solution at ordi- 
nary temperature for 1 minute, followed by washing and 
drying. As the surface treatment solution, a solution for 
use in plating is used. 

[0080] Next, as shown in FIG. 1 2(b), using these crys- 
tal growth nuclei 8, the hemispherical grains 6 of silicon 
are grown on the top insulating film 5 by LPCVD. As a 
raw material, a He-based 1 5% SiH 4 gas is used at a gas 
flow rate of 100 ccm. The deposition is conducted at a 
deposition temperature of 500 to 700 °C under a SiH 4 
partial pressure of 13.3 to 53.3 Pa (0.1 to 0.4 Torr). Un- 
der these conditions, the silicon grains 6 are selectively 
deposited over the crystal growth nuclei 8 so as to form 
the first dotted mask Msl consisting of a large number 
of silicon granular materials 6. 
[0081] Then, in accordance with the same process as 
that of the first apparatus (see FIGS. 2(c) to 2(e)). the 
hemispherical grains, insulating layer, transparent elec- 
trode and the like are formed. 

[0082] FIG. 13 is a view showing for comparison the 
distribution and diameter of the grains when the surface 
treatment, as shown in FIG. 12(a), was performed and 
the distribution and diameter of the grains when the sur- 



face treatment was not performed. Without the surface 
treatment, the mean value of the grain diameter is 11 
nm and the maximum grain diameter is more than 20 
nm. With the surface treatment, on the other hand, the 
5 mean value of the grain diameter is 6 nm and the max- 
imum grain diameter is 12 nm or less. Thus, with the 
surface treatment for forming the crystal growth nuclei 
8 prior to the formation of the grains, the distribution and 
size of the hemispherical grains 6 become uniform, re- 
o suiting in a uniform distribution of the grains in a plane. 
Since the radius and distribution of the semiconductor 
micro-needles 2 constituting the quantized region be- 
come uniform accordingly, the emission spectrum be- 
comes much sharper, while the light emission intensity 
is increases uniformly in the plane. 

[0083] In the silicon light receiving element thus con- 
stituted, a negative voltage is applied to the p-type sili- 
con substrate 1 so as to set the top end of each semi- 
conductor micro-needle at the ground potential, fol- 
20 lowed by the irradiation of the aggregate of semiconduc- 
tor micro-needles (quantized region) with light from a 
high-pressure mercury lamp as a light source. As a re- 
sult of the irradiation with light, the resistance value of 
the quantized region containing the semiconductor mi- 
25 cro-needles is changed, so that the apparatus can be 
used as a light receiving element. 
[0084] Next, a description will be given to a third sem- 
iconductor apparatus. FIG. 14 is a cross sectional view 
of this optical semiconductor. The basic structure of the 
30 optical semiconductor apparatus shown in FIG. 14 is 
substantially the same as that of the first semiconductor 
apparatus shown in FIG. 1, except that the quantized 
region Rqa on the silicon substrate 1 is laterally isolated 
from other regions by a discrete insulating layer 9. The 
35 depth of the discrete insulating layer 9 is larger than the 
depth h of the semiconductor micro-needle 2. In addi- 
tion, apart from the transparent electrode 4 over the 
semiconductor micro-needles 2, a lateral electrode 10 
is formed so as to penetrate the discrete insulating layer 
40 g. The lateral electrode 10 is connected to the silicon 
substrate 1 functioning as a lower electrode with respect 
to the transparent electrode 4 functioning as an upper 
electrode of the semiconductor micro-needles 2. 
[0085] A description will be given to the operation of 
45 the optical semiconductor apparatus thus constituted. If 
a voltage (e.g.. about 50 Volt) is applied between the 
transparent electrode 4 and the lateral electrode 10, a 
potential difference is generated between the top end 
and base end of each semiconductor micro-needle 2 in 
so the quantized region Rqa, so that visible electrolumines- 
cence is caused at room temperature by the same quan- 
tum size effects as those obtained in the first embodi- 
ment. In the present third apparatus, the voltage for car- 
rier injection is varied from 25 to 200 Volt so that visible 
55 electroluminescence corresponding to individual light 
emission in red, blue, and yellow is observed. With the 
provision of the lateral electrode 10, it becomes partic- 
ularly easy to transmit signals between the quantized 
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region Rqa of the optical semiconductor apparatus and 
the outside. 

[0086] Next, a description will be given to a fourth 
semiconductor apparatus. FIG. 15 is a cross sectional 
view of this optical semiconductor apparatus. The basic 
structure of the optical semiconductor apparatus shown 
in FIG. 15 is substantially the same as that of the above 
third apparatus shown in FIG. 14, except that for the 
fourth apparatus uses the n-type silicon substrate 1 in 
which a p-well 11 is partially formed and that the region 
extending from above the p-well 11 to the surface of the 
silicon substrate 1 is doped with an n-type impurity. Each 
semiconductor micro-needle 2 in the quantized region 
Rqa is formed by etching the silicon substrate 1 from the 
surface thereof to a depth reaching the inside of the p- 
well 11. In other words, the height h of the semiconduc- 
tor micro-needle 2 is larger than the depth of the p-n 
junction between the p-well 11 and its overlying portion 
of the silicon substrate 1. Consequently, the lower por- 
tion of the semiconductor micro-needle 2 closer to its 
base end is composed of p-type silicon, while the upper 
portion of the semiconductor micro-needle 2 is com- 
posed of n-type silicon, thereby forming a p-n junction 
2a at a midpoint in the semiconductor micro-needle 2. 
Since another p-n junction is also formed between the 
p-well 11 and the main body of the silicon substrate 1, 
the quantized region Rqa is isolated from the n-type sil- 
icon substrate 1 . The lateral electrode 10 is constituted 
so as to be connected to the p-well 1 1 
[0087] When a voltage of 50 Volt is applied in the for- 
ward direction between the transparent electrode 4 and 
the lateral electrode 10, the generation of visible elec- 
troluminescence at room temperature is also recog- 
nized in the present fourth apparatus. By varying the 
voltage tor carrier injection from 25 to 200 Volt, the gen- 
eration of visible electroluminescence corresponding to 
individual light emission in red, blue, and yellow is also 
recognized. 

[0088] Thus, the above fourth semiconductor appara- 
tus provides the following effects in addition to the same 
effects as obtained in the above fifth embodiment. That 
is, since the quantized region Rqa composed of the ag- 
gregate of semiconductor micro-needles 2 is isolated 
from other regions by the lateral discrete insulating layer 
9 as well as from the n-type silicon substrate 1 by the p- 
well 1 1 , even in the case where a large number of quan- 
tized regions are formed on the silicon substrate, light 
emission can be generated individually in each of the 
quantized regions. Moreover, since the p-n junction is 
formed in each semiconductor micro-needle 2, carriers 
can be efficiently injected into each semiconductor mi- 
cro-needle 2, thereby providing an optical semiconduc- 
tor apparatus with excellent emission efficiency. 
[0089] Next, a description will be given to a fifth sem- 
iconductor apparatus. FIG. 16 is a cross sectional view 
of this optical semiconductor apparatus. The basic 
structure of the fifth optical semiconductor apparatus is 
substantially the same as that of the above third appa- 



ratus shown in FIG. 14. Accordingly, the quantized re- 
gion Rqa composed of the aggregate of semiconductor 
micro-needles 2 is formed on the p-type silicon sub- 
strate 1 and there are further formed the transparent 
5 electrode 4 over the quantized region Rqa, the discrete 
insulating layer 9 surrounding the quantized region Rqa, 
and the lateral electrode 1 0 connected to the silicon sub- 
strate 1 through the discrete insulating layer 9. In the 
present apparatus, however, the quantized region Rqa 
o composed of the aggregate of semiconductor micro- 
needles 2 is not constituted by a single-layer structure, 
but by a structure in which linearly-striped quantized re- 
gions 12a, each containing both semiconductor micro- 
needles 2 and the insulating layer 3 for filling up the 
is space surrounding each semiconductor micro-needle 2, 
and linearly-striped discrete layers 13a, each composed 
of a silicon dioxide film, are alternately arranged. FIG. 
17(a) is a schematic plan view of the linearly striped 
structures, in which the linearly-striped quantized re- 
20 gions 1 2a (dotted portions in the drawing) and the line- 
arly-striped discrete layers 13a (hollow portions in the 
drawing) are alternately arranged at such intervals as to 
constitute a one-dimensional Fresnel lens. 
[0090] FIG. 17(b) is a plan view showing another ex- 
25 ample of the linearly -striped structures, in which ring- 
shaped quantized regions 1 2b and ring-shaped discrete 
layers 1 3b are alternately arranged so as to constitute 
a two-dimensional Fresnel lens. 
[0091] If a voltage is applied in the forward direction 
30 between the transparent electrode 4 and lateral elec- 
trode 10, the generation of visible electroluminescence 
at room temperature is also recognized in the present 
embodiment. 

[0092] In the optical semiconductor apparatus thus 

3S constituted, since the regions 12a or 12b and the dis- 
crete layers 13a or 13b are alternately arranged, the 
whole quantized region Rqa functions as a Fresnel lens. 
Consequently, an additional light condensing apparatus 
is not necessary. That is, if light emission is generated 

40 in the quantized region Rqa constituting the one-dimen- 
sional Fresnel lens shown in FIG. 17(a) or the two-di- 
mensional Fresnel lens shown in FIG. 17(b), light ad- 
vancing in a direction perpendicular to the surface of the 
silicon substrate 1 is condensed onto a line or point, 

45 thereby condensing light into an intended region. There- 
fore, if an additional light receiving element is placed in 
the vicinity of the focus, the light emitted from the optical 
semiconductor apparatus is efficiently condensed into 
the light receiving element, so that it becomes possible 

so to transmit electric power converted into signals or light 
- to a distant location via the light receiving element. In 
the case of using the quantized region as a wavelength 
converting element or light receiving element, it be- 
comes possible to irradiate the entire quantized region 

55 Rqa with light from a linear optical source or dotted op- 
tical source. 

[0093] Next, a description will be given to a sixth sem- 
iconductor apparatus FIG. 18 shows the cross sectional 
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structure of this optical semiconductor apparatus, which 
is basically the same as the structure of the fifth optical 
semiconductor apparatus shown in FIG. 15. That is, 
there are disposed: the quantized region Rqa composed 
of the aggregate of silicon semiconductor micro-needles 
2 each having the p-n junction 2a and of the insulating 
layer 3; the transparent electrode 4 over the quantized 
region Rqa; the p-well 11 holding the base end of each 
semiconductor micro-needles 2 in the quantized region 
Rqa and being electrically insulated from the n-type sil- 
icon substrate 1; the discrete insulating layer 9 sur- 
rounding the quantized region Rqa; and the lateral elec- 
trode 1 0 connected to the p-well 1 1 through the dielectric 
insulating layer 9. 

[0094] In the process of forming the above quantized 
region Rqa of the present embodiment, the p-well 11 is 
formed in the silicon substrate 1 and then the overling 
region is turned into an n region, followed by the etching 
of the silicon substrate 1 till the p-well 11 is reached, 
using the first or second dotted mask as used for the 
above first apparatus. In accordance with the formation 
process, the p-n junction 2a is formed in each semicon- 
ductor micro-needle 2. 

[0095] I n the present sixth apparatus, two lateral elec- 
trodes 10 are disposed on both sides of the quantized 
region Rqa and a radio-frequency power source 14 for 
applying a radio-frequency voltage to a circuit 17 con- 
necting these two lateral electrodes 10. To the circuit 18 
connecting the circuit 17 and the transparent electrode 
4 are connected in series a switch 15 for opening and 
closing the circuit 18'and a DC power source 16. 
[0096] A description will be given to the operation of 
the silicon light emitting element thus constructed. 
[0097] As shown in FIG. 19, when a radio-frequency 
electric power is applied to the silicon crystal, electrons 
in a crystal lattice of silicon (indicated by solid circles) 
are excited by an electric field varying with high frequen- 
cies so as to move periodically to a certain extent. In the 
present apparatus since the radio-frequency power 
source 1 4 is connected to the two lateral electrodes 10 
formed in the dielectric insulating layer 9 in the vicinity 
ol the semiconductor micro-needles 2, the electrons ex- 
cited by the radio-frequency electric power are accumu- 
lated in the p-type silicon substrate 1 . The accumulated 
electrons are introduced into each semiconductor mi- 
cro-needle 2 in the quantized region Rqa by the voltage 
applied in the forward direction via the transparent elec- 
trode 4, so that a large amount of electrons are injected 
through the p-n junction 2a in each semiconductor mi- 
cro-needle 2. The injection increases the light emission 
intensity in the quantized region Rqa. To the transparent 
electrode 4 is applied a voltage of 100 Volt. In this case 
also, visible electroluminescence is observed at room 
temperature. 

[0098] As described above, in the present sixth appa- 
ratus, the electrons excited by the application of radio- 
frequency electric power to the p-type silicon substrate 
1 are introduced into each semiconductor micro-needle 



2 in the quantized region Rqa, so that a large amount of 
electrons are injected through the p-n junction 2a. As a 
result, intense light emission is caused efficiently in the 
quantized region Rqa even by a weak signal supplied 
5 to the transparent electrode 4. 

[0099] Although the two lateral electrodes 10 are 
formed on both sides of the quantized region Rqa in the 
sixth apparatus, three or more lateral electrodes 1 0 sur- 
rounding the quantized region Rqa may be formed so 
io as to generate a rotating magnetic field in the quantized 
region Rqa by applying to the lateral electrodes radio- 
frequency electric power having the same frequency 
with its phase varying in increasing or decreasing order. 
In this case, higher emission efficiency can be obtained. 
75 [0100] Next, a description will be given to a seventh 
semiconductor apparatus. FIG. 20 partially shows the 
cross sectional structure of the seventh optical semicon- 
ductor apparatus. In the present embodiment, the quan- 
tized region Rqa composed of the aggregate of semi- 
20 conductor micro-needles 2 and a photodiode consisting 
of a p-type region 20a and an n-type region 20b are 
formed on the silicon substrate 1. Over the photodiode 
20 and quantized region Rqa is provided the transparent 
electrode 4 to be used in common. In addition, a driving 
25 circuit 21 is provided for applying a specified voltage be- 
tween the above transparent electrode 4 and the silicon 
substrate 1 . That is, if an optical signal SgoO is input to 
the photodiode 20 with a constant bias being applied to 
the photodiode 20 via the driving circuit 21 , an electro- 
30 motive force is generated in the photodiode 20 so that 
an electromotive force generated in the photodiode 20 
is converted by the driving circuit 21 to a voltage of, e. 
g., 15 V, which is then applied to each semiconductor 
micro-needle 2 in the quantized region Rqa. As a result, 
35 each semiconductor micro-needle 2 emits light which is 
output as a second optical signal Sgo2. In this case, the 
emission wavelength can be changed by changing the 
manufacturing specification of each semiconductor mi- 
cro-needle 2. 

40 [01 01 ] Next, the process of manufacturing the optical 
semiconductor apparatus with a structure obtained by 
slightly modifying the structure shown in FIG. 20 will be 
described with reference-to FIGS. 21(a) to 21(c). First, 
as shown in FIG. 21(a), the quantized region Rqa com- 
45 posed of the aggregate of semiconductor micro-needles 
2 is formed in a given portion of the silicon substrate 1 
made of silicon. Next, as shown in FIG. 21(b). an n re- 
gion 24a is formed deep by injecting As + ions into the 
silicon substrate 1 by using the photo resist mask with 
so an opening formed in a region different from the above 
quantized region Rqa, followed by the shallow formation 
of an n region 24b by injecting B + ions into the silicon 
substrate 1 . In this step, the intermediate region in which 
either As* ions or B+ ions are hardly injected becomes 
ss an intrinsic region 24c. thereby forming the photodiode 
24 of so-called PIN structure which consists of the p re- 
gion 24a, n region 24b, and intrinsic region 24c. The 
photodiode 24 may also be lormed by preliminarily 
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trenching deep that portion of the silicon substrate in 
which the photodiode 24 is to be formed and then epi- 
taxially growing the regions 24a, 24c, and 24b in this 
order. Subsequently, as shown in FIG. 21(c), a conduc- 
tive wire 26 which transmits light (made of, e.g., Au) is 
formed on the silicon substrate 1 and then the driving 
circuit 21 is further formed. 

[01 02] The optical semiconductor apparatus shown in 
FIG. 21 (c) can be constituted so that the photodiode 24 
receives the optical signal SgoO at a certain wavelength, 
while the second optical signal Sgo2 is output from each 
semiconductor micro-needle 2 in the quantized region 
Rqa. The wavelength of the second optical signal Sgo2 
can be changed by changing the structure or manufac- 
turing process. Since such an optical semiconductor ap- 
paratus can be manufactured by a process for a silicon 
device, it can be accommodated in a microchip, which 
makes it applicable to optical communication and the 
like. 

[0103] It is also possible to produce a device with the 
function of modulating, with light, information being 
transmitted over a signal path by adding a circuit for con- 
verting the second optical signal Sgo2 to an electric sig- 
nal to the structure of the optical semiconductor appa- 
ratus. 

[0104] Next, a description will be given to an eighth 
semiconductor apparatus, in which a stress sensor is 
constituted using an aggregate of semiconductor micro- 
needles. FIG. 22 shows the structure and principle of 
operation of the stress sensor. That is, the quantized 
region Rqa composed of the aggregate of semiconduc- 
tor micro-needles 2 and the transparent electrode 4 are 
formed on the silicon substrate 1 , as shown in the draw- 
ing. In the optical semiconductor apparatus is also dis- 
posed the driving circuit 28 for applying a voltage to the 
quantized region Rqa via the transparent electrode 4. 
[0105] In FIG. 22 are shown three variations in the 
configuration of each semiconductor micro-needle 2 in 
response to a change in the stress exerted thereon. One 
variation shows the semiconductor micro-needle 2 with 
no stress exerted thereon. Another variation shows the 
semiconductor micro-needle 2 with a compressive force 
exerted thereon. The other variation shows the semi- 
conductor micro-needle 2 with a tensile stress exerted 
thereon. As described above, when a voltage is applied 
to both ends of each semiconductor micro-needle 2, a 
bandgap widening occurs in the semiconductor micro- 
needle 2 due to the quantum size effect, so that electro- 
luminescence in the visible region is observed. It is well 
known that the amount of the bandgap widening AE is 
inversely proportional to the diameter of each semicon- 
ductor micro-needle 2. Therefore, if the diameter d of 
each semiconductor micro-needle 2 on the order of 10 
nm is changed by a force exerted from outside, the emis- 
sion wavelength X which is inversely proportional to 
1/AE is also changed. For example, if a compressive 
stress is exerted on the semiconductor micro-needle 2, 
as shown in FIG. 22, the diameter d of the semiconduc- 



tor micro-needle 2 increases in accordance with the 
Poisson's ratio, while the emission wavelength X shifts 
toward longer wavelengths. On the other hand, if a ten- 
sile stress is exerted on the semiconductor micro-nee- 
s die 2, as shown in FIG. 22. the diameter d of the semi- 
conductor micro-needle 2 decreases in accordance with 
the Poisson's ratio, while the emission wavelength shifts 
toward shorter wavelengths. 

[0106] FIG. 23(a) shows an example of the structure 

io of a stress sensor using an aggregate of semiconductor 
micro-needles. In addition to the basic structure shown 
in FIG. 22(a). transparent probes 29a and 29b for trans- 
mitting an external force to each semiconductor micro- 
needle 2 in the quantized region Rqa are provided on 

is the top and bottom faces of the silicon substrate 1 . FIG. 
23(b) shows the emission spectra of the second optical 
signal Sgo2 output from the quantized region Rqa, in 
which the center emission wavelength of 630 nm has 
shifted about 10 nm toward shorter wavelengths and to- 

20 ward longer wavelengths in response to compression 
and stretching under 1 Pa, respectively. In particular, by 
connecting the probes 29a and 29b for detecting a 
stress to an object from which an external force is to be 
detected so as to use the probes 29a and 29b and the 

25 transparent electrode 4 as stress transmitting means, a 
stress can be converted into an optical signal with high 
sensitivity. 

[0107] As will be described in the following, it is also 
possible to detect the second optical signal Sgo2 from 

30 the quantized region Rqa by means of a light receiving 
element and to convert it into an electric signal. 
[01 08] Next, a description will be given to a ninth sem- 
iconductor apparatus. FIG. 24 shows the overall struc- 
ture of this semiconductor apparatus which can be used 

35 as a pocket computer with high performance. There are 
provided on a semiconductor chip 50: a central process- 
ing circuit 51 for processing signals associated with 
each circuit on the semiconductor chip 50; a memory 
52; an electric I/O circuit 53; a light receiving unit 54 for 

40 receiving an optical signal via a condensing mechanism; 
a first light-emitting unit for outputting an optical signal; 
a second light-emitting unit 56 for displaying a signal via 
pixels on the semiconductor chip 50; a sound-wave sen- 
sor unit 57 and sound-wave output unit 58 for inputting 

45 and outputting a sound wave; a display-panel driving cir- 
cuit 59 for driving a display panel composed of a TFT 
liquid-crystal panel; and a power-source supply unit 60 
for converting an optical signal from the outside into an 
electric signal so that each circuit on the semiconductor 

so chip 50 is supplied with the resulting electric signal as 
the power source. The above memory 52, electric I/O 
circuit 53, light receiving unit 54, light emitting units 55 
and 56, sound-wave sensor unit 57, sound-wave output 
unit 58, and display-panel driving circuit 59 are connect- 

55 ed to the central processing circuit 51 via signal lines. 
[0109] In this structure, of the units described above, 
such units as the central processing circuit 51 . memory 
52, electric I/O circuit 3 have a MOS transistor structure 
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similar to that used in the conventional silicon integrated 
circuit. The light receiving unit 54 has a common pho- 
totransistor structure. 

[0110] On the other hand, each of the first light emit- 
ting unit 55 and second light emitting unit 56 is consti- s 
tuted by the quantized region composed of an aggre- 
gate of semiconductor micro-needles similar to that 
used in the above first embodiment and the like. 
[0111] FIGS. 25(a) to 25(d) show a process of forming 
an aggregate of semiconductor micro-needles useful in io 
understanding of the invention. In each of the drawings, 
left-hand views are cross sectional views, while right- 
hand views are plan views. The dotted mask is produced 
with a method different from the inventive method. First, 
as shown in FIG. 25(a), a photoresist film Frs is formed 1$ 
on the silicon substrate 1 . Next, as shown in FIG. 25(b), 
F2 vacuum ultraviolet laser light, which has beendivided 
into two beams, are obliquely made incident so that the 
two beams overlap each other. Subsequently, the inter- 
ference fringe is exposed to be developed. After the first 
exposure, those portions of the photoresist film Frs cor- 
responding to the intensely exposed portions of the in- 
terference fringe are removed, resulting in a striped 
mask pattern, as shown in the right-hand view of FIG. 
25(b). The silicon substrate 1 in the position shown in 
FIG. 25(b) is then rotated 90 degrees, though the draw- 
ing thereof is omitted here, so that the same two beams 
of laser light are made incident thereon, thereby even- 
tually providing the first dotted mask Ms1 which is sev- 
eral nm square. Since the interference fringe of the laser 
light is formed with a specified pitch determined by the 
wavelength and incident angle, the size of the dotted 
mask Msl can be regulated as desired. Next, as shown 
in FIG. 25(c), the silicon substrate 1 is etched to a depth 
of 0.5 to several urn using the first dotted mask Msl, 
thereby forming the aggregate of semiconductor micro- 
needles 2. The etching conditions are the same as those 
used in the first embodiment. Then, after removing the 
photoresist film Frs, the space surrounding each semi- 
conductor micro-needle 2 is filled with the insulating lay- 
er 3 by subjecting the side portions of each semicon- 
ductor micro-needle 2 to thermal oxidation, followed by 
surface flattening. Subsequently, as shown in FIG. 25 
(d), the flattened oxide layer on the top ends of the sem- 
iconductor micro-needles 2 is removed, followed by the 
formation of the transparent electrode 4 over the quan- 
tized region Rqa. 

[0112] The formation of the dotted mask Msl by pat- 
terning the photoresist film Frs is not limited to the for- 
mation of the interference fringe. It is also possible to 
form a large number of longitudinal and transverse 
trenches in a pre-baked photoresist mask by horizontal- 
ly moving the silicon substrate with a probe needle of 
the cantilever of an atomic force microscope being 
pressed onto the silicon substrate under a specified 
pressure, so that the remaining dotted portions consti- 
tute the dotted mask. It is also possible, in forming the 
dotted mask by patterning the photoresist film, to form 



the oxide film on the silicon substrate 1 . and then pattern 
the oxide film into dots by using the first dotted mask 
composed of the photoresist film, so that they serve as 
the second dotted mask in etching the semiconductor. 
[0113] FIG. 26 is a plan view of the semiconductor 
chip 50, in which the second light emitting unit 56 com- 
posed of a large number of quantized regions Rqa (ag- 
gregates of semiconductor micro-needles) arranged in 
matrix are disposed on the semiconductor chip 50. That 
is, each of the quantized regions Rqa in the second light 
emitting unit 56 is turned on or off in response to a signal 
so that a specified pattern is displayed, thereby display- 
ing, e.g., the results of the defective/nondefective judg- 
ments on the circuits on the semiconductor chip 50. 
[0114] On the other hand, the optical signal output 
from the first light emitting unit 55 is transmitted to the 
outside via an optical fiber. FIG. 27 shows the cross sec- 
tional structure of the first light emitting unit 55, in which 
the transparent electrode 4 is formed over the quantized 
20 region Rqa composed of an aggregate of semiconduc- 
tor micro-needles and a convex lens 61 serving as a light 
condensing mechanism is disposed on the transparent 
electrode 4 with a filter interposed therebetween. The 
second optical signal Sgo2 condensed by the convex 
25 lens 61 is output to the outside via the optical fiber (not 
shown). The filter 62 is a band-pass filter produced by 
stacking a plurality of transparent thin films, each having 
a different refractive index, so as to cause multiple in- 
terference. Although the provision of the filter 62 is not 
30 mandatory, if it is required to transmit the signal over a 
comparatively long distance, the filter can suppress the 
attenuation of a signal by reducing the width of the op- 
tical band, so that the filter is preferably provided over 
the quantized region Rqa of the first light emitting unit 
35 55. With the provision of the additional condensing 
mechanism such as a convex lens, the connection with 
the optical fiber, which has been provided substantially 
perpendicular to the surface of the semiconductor chip 
50, is improved. 
40 [0115] The display-panel driving circuit 59 is com- 
posed of a normal MOS integrated circuit, which is for 
using a liquid-crystal display apparatus (LCD) if a dis- 
playing function covering a large area is required. 
[0116] In the sound-wave sensor unit 57, a thin dia- 
45 phragm 63 supported at four points is formed on the 
semiconductor chip 50, as shown in FIGS. 28(a) and 28 
(b), so that a sound wave is converted into an electric 
signal based on a phenomenon that the amount of dis- 
placement of the diaphragm 63 caused by the sound 
so wave is proportional to a variation in the resistance of a 
bridge (a piezoresistance effect). A piezoresistance ef- 
fect element has been developed as a stress sensor, 
the technique of which is applied to the present appara- 
tus. It is also possible to detect a variation in capacitance 
55 between the electrode and the substrate, as if with a 
condenser microphone. 

[0117] The above sound-wave output unit 58, com- 
prising a cantilever diaphragm 64 as shown in FIG. 29, 
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is constituted so that the diaphragm 64 is vibrated by an 
electrostatic force caused by a sound signal, thereby 
generating a sound wave. It is also possible to drive an 
external low-power speaker with a sound signal, instead 
of a unit having such a structure. 
[0118] The above power-source supply unit 60 is a cir- 
cuit for converting light from the outside into electric en- 
ergy, so that the resulting electric energy is supplied to 
each circuit on the semiconductor chip 50. The power- 
source supply unit 60 consists of: a photodiode for re- 
ceiving light and converting it into a current signal; and 
a constant voltage circuit for receiving the current signal 
and generating a constant voltage of the order of 3 to 5 
V (the drawing thereof is omitted). When the power 
source is supplied using not light but an electromagnetic 
wave such as a millimeter wave or a microwave, a de- 
tection circuit and constant voltage circuit, composed of 
an antenna and a diode, can be used instead. 
[0119] As has been described above, a wireless op- 
eration of the semiconductor apparatus can be accom- 
plished by inputting a signal with the use of light or sup- 
plying electric power with the use of light. Moreover, the 
delay of a signal resulting from a parasitic impedance 
can be minimized by not providing wires for receiving 
signals and electric power. Since multiple functions can 
be implemented by one chip, the above semiconductor 
apparatus can contribute greatly to the miniaturization 
of a portable computer and the like. Since the present 
semiconductor apparatus is provided with the function 
of inputting and outputting a signal using a sound wave, 
it can contribute to the advancement of a human inter- 
face of computers. Also in the process of manufacturing 
the semiconductor apparatus, a part of the wiring step 
is not required any more, resulting in a reduction in man- 
ufacturing cost and a higher production yield. Further- 
more, if an emission displaying function and a sell- 
checking function are used in combination, only defec- 
tive products can easily be screened by the displaying 
function, so that checking cost and time can be reduced. 
[01 20] Next, a description will be given to a tenth sem- 
iconductor apparatus. FIGS. 30(a) to 30(d) show the 
process of manufacturing this optical semiconductor ap- 
paratus in which a light receiving element and a light 
emitting element are incorporated into an integrated cir- 
cuit. First, as shown in FIG. 30(a), there is formed on a 
p-type silicon substrate 1 a MOSFET 70 consisting of: 
an n-type source 71; an n-type drain 72; a gate oxide 
film 73; a gate electrode 74; and an inter-layer insulating 
film 75. Next, as shown in FIG. 30(b). the quantized re- 
gion Rqa composed of an aggregate of semiconductor 
micro-needles and functioning as a tight emitting ele- 
ment is formed in that region with an opening of the inter- 
layer insulating film 75 which is adjacent to the region 
in which the above MOSFET 70 is to be formed, in ac- 
cordance with a process described above. Then, as 
shown in FIG. 30(c), an insulating film 76 is formed with 
an opening corresponding to each quantized region, fol- 
lowed by the formation of the transparent electrode 4 



composed of an ITO so as to cover the quantized region 
Rqa and a part of the above insulating film 76. Thereaf- 
ter, a metal wire 77 for electrically connecting the drain 
72 to the transparent electrode 4 is formed. Then, as 
s shown in FIG. 30(d), over the wire 77 made of metal, 
polysilicon, and the like and over the transparent elec- 
trode 4, an inter-substrate insulating film 78 is formed 
with an opening corresponding to the quantized region 
Rqa, followed by surface flattening. 
10 [01 21] On the other hand, there is formed on another 
silicon substrate 1b, a photodiode 79 consisting of a p 
region and an n region and functioning as a light receiv- 
ing element is formed instead of the quantized region 
Rqa formed in the steps shown in FIGS. 30(a) to 30(d), 
is though the drawing thereof is omitted. On the photodi- 
ode 79 is disposed the transparent electrode 4, and the 
inter-substrate insulating film 78 with an opening corre- 
sponding to the photodiode is further formed. 
[0122] FIG. 31 shows the cross sectional structure of 
20 the optical semiconductor apparatus in which the above 
two silicon substrates la and 1 b are joined with the inter- 
substrate insulating film 78 interposed therebetween, so 
that the quantized region Rqa and the photodiode 79 
are opposed to each other. The drain 72 of the MOSFET 
2S 70 serving as the output electrode of the lower logic cir- 
cuit is connected to the quantized region Rqa composed 
of an aggregate of semiconductor micro-needles, each 
having a thickness of 0.1 jim, via the transparent elec- 
trode 4. If the electric potential of the drain 72 as the 
30 output electrode is raised to 2 V, the first electric signal 
Sgel is output so that an electric field of about 0.2 MW 
cm is applied to each semiconductor micro-needle in the 
quantized region Rqa. Upon receiving the first electric 
signal Sgel, each semiconductor micro-needle emits 
35 light, so that the second optical signal Sgo2 is output 
from the quantized region Rqa. When the second optical 
signal Sgo2 transmitted by the transparent electrode 4 
is input to the photodiode 79, the third electric signal 
Sge3 is output from the photodiode 79. The third electric 
40 signal Sge3 is input to the drain of the lateral MOSFET 
70 via the metal wire 77. The subsequent signal 
processing is performed in the same manner as in a nor- 
mal integrated circuit. 

[01 23] Thus, in the present optical semiconductor ap- 
45 paratus a composite device having an optical process- 
ing function is incorporated, wherein an output signal is 
converted from an electric signal to an optical signal by 
a light receiving element formed in an integrated circuit 
and then converted again to an electric signal. 
so [0124] Next, a description will be given to an eleventh 
semiconductor apparatus. FIGS. 32(a) to 32(d) illustrate 
the process of manufacturing the optical semiconductor 
apparatus, which is constituted so that a light emitting 
element and a light receiving element are opposed to 
55 each other with a trench interposed therebetween. First, 
as shown in FIG. 32(a), the quantized region Rqa, com- 
posed of an aggregate of semiconductor micro-needles 
and functioning as a light emitting element, and the pho- 
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todiode 79, consisting of a p region and an n region and 
functioning as a light receiving element, are formed in 
two adjoining regions of the silicon substrate 1 . Next, as 
shown in FIG. 32(b), the inter-layer insulating film 75 and 
the wire 77 made of polysilicon are formed over the 
quantized region Rqa and photodiode 79. In this case, 
it is not required to form a transparent electrode over the 
quantized region Rqa and photodiode 79. Next, as 
shown in FIG. 32(c), that region of the silicon substrate 
1 which is interposed between the quantized region Rqa 
and the photodiode 79 and which includes a part of the 
quantized region Rqa and a part of the photodiode 79 
is etched so as to form a trench 80. 
[0125] FIG. 32(d) shows the cross sectional structure 
of the optical semiconductor apparatus that has been 
finished. As shown in the drawing, one side portion of 
the quantized region Rqa serving as a light emitting el- 
ement and one side portion of the photodiode 79 serving 
as a light receiving element are exposed. In other words, 
the quantized region Rqa and the photodiode 79 are 
formed in the side walls of the trench 80 so as to face 
each other. As shown in FIG. 1 , since the insulating layer 
3 composed of a transparent silicon dioxide film is 
formed so as to surround each semiconductor micro- 
needle 2 in the quantized region Rqa, light emission 
from the quantized region Rqa is also observable from 
its lateral side. Consequently, in the present apparatus, 
if the first electric signal Sge1 is input to the quantized 
region Rqa via the wire 77, the second optical signal 
Sgo2 is output from the quantized region Rqa, which is 
further converted into the third electric signal Sge3 by 
the photodiode 79. The joining of the two substrates is 
not particularly required and the same function as per- 
formed by the three-dimensional integrated circuit struc- 
ture of the tenth apparatus can be performed by a two- 
dimensional integrated circuit. Moreover, since the 
present apparatus is free from problems associated with 
alignment, a composite device having an optical 
processing function can easily be disposed in the man- 
ufacturing process. 

[01 26] Although each of the above apparatusses has 
used a single-crystal silicon substrate, the present in- 
ventive method is not limited to these embodiments. The 
present invention is also applicable to, e.g., single-ele- 
ment semiconductors such as germanium and to group 
M-V compound semiconductors such as GaAs, GaR 
GaN, and InP. In particular, if the semiconductor micro- 
needles are formed from a material having a band struc- 
ture of direct-transition type such as Ga-As, light emis- 
sion intensity is advantageously increased due to the 
quantum size effects as well as laser light with excellent 
characteristics can easily be obtained. Moreover, the 
semiconductor micro-needles should not necessarily be 
formed from a single-crystal material. It is also possible 
to constitute a highly efficient solar battery or the like 
based on a highly efficient photoelectric conversion, 
which can be performed by using, e.g., an aggregate of 
amorphous silicon micro-needles. 



[0127] Although each of the above apparatusses has 
formed the aggregate of the semiconductor micro-nee- 
dles 2 directly on the silicon substrate 1, the present in- 
ventive method is not limited thereto. It is also possible 
s to form an aggregate of semiconductor micro-needles 
on the silicon substrate with an insulating film interposed 
therebetween. In other words, a so-called SOI structure 
can be formed. 



Claims 

1. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
15 needles (2), including: 

etching a silicon substrate by using a dotted 
mask (Msl ,Ms2) so as to form a large number 
of semiconductor micro-needles (2) each ex- 
20 tending from the surface of silicon substrate (1 ) 

to a specified depth, said dotted mask (Msl, 
Ms2) being formed by deposition of a large 
number of grains on said silicon substrate (1), 
each of said grains having a diameter sufficient- 
's fy small to cause quantum size effects in the 
underlying semiconducting material after the 
etching. 

characterized in that in the step of forming said 
30 dotted mask 

metal seeds (8) are deposited on the surface of 
said silicon substrate, and 

35 grains (6) of a semiconductor material are 

grown over said metal seeds (8). 

2. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 

40 needles (2), according to claim 1 , 
characterized in that 

an insulating layer (3) is formed surrounding 
each of said semiconductor micro-needles (2). 

45 

3. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
needles (2), according to claim 2, 
characterized in that 

so 

said insulating layer(3)is formed by filling the 
space surrounding each of said semiconductor 
micro-needles (2) with insulating material. 

ss 4. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
needles (2), according to claim 3, 
characterized in that 
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said insulating layer (3) is formed by CVD. 

5. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
needles (2), according to claim 3, 
characterized in that 

said insulating layer (3) is formed by oxidizing 
the side portions and top ends of said semicon- 
ductor micro-needles (2). 

6. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
needles (2), according to claims 1 to 5, 
characterized in that 

said dotted mask (Ms1,Ms2) is removed from 
the surface of said silicon substrate (1), and 

an upper electrode (4) is formed over the upper 
end of said semiconductor micro-needles (2), 
said upper electrode (4) being electrically con- 
nected to each of said semiconductor micro- 
needles (2). 

7. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
needles (2), according to claim 6. 
characterized In that 

a p-n junction (2a) is formed in said silicon sub- 
strate (1), and 

said semiconductor micro-needles (2) are 
formed by etching to a point at least lower than 
said p-n junction (2a). 

8. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
needles (2), according to claims 6 and 7 , 
characterized in that 

a discrete insulating layer (9) is formed sur- 
rounding the aggregate of semiconductor mi- 
cro-needles (2). 

9. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
needles (2). according to claim 8. 
characterized in that 

at least one lateral electrode (10) is formed sur- 
rounding said discrete insulating layer (9). 

10. Method of manufacturing a semiconductor device 
comprising an aggregate of semiconductor micro- 
needles (2), according to one of the previous 
claims, 



characterized in that 

rhodium or tin is used as metal seeds (8). 

5 

Patentanspruche 

1. Verfahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 
10 adeln (2) umfaftt, das einschlie3t: 

Atzen eines Silicium-Substrats unter Verwen- 
dung einer Punktmaske (Ms1,Ms2), urn eine 
grofte Anzaht von Halbteiter-Mikronadeln (2) 

is herzustellen, die sich jeweils von der Oberfla- 

che des Silicium-Substrats (1) bis in eine vor- 
gegebene Tiete erstrecken, wobei die Punkt- 
maske (Ms1,Ms2) hergesteilt wird, indem eine 
grofte Anzahl von Kornchen auf dem Silicium- 

20 Substrat (1) abgeschieden werden, wobei je- 

des der Kornchen einen Durchmesser hat, der 
klein genug ist, urn Quanteneffekte in dem dar- 
unterliegenden Halbleiter-Material nach dem 
Atzen zu bewrrken, 

25 

dadurch gekennzeichnet, daft: 

beim Schritt des Ausbildens der Punktmaske 
Metall-Keime (8) auf der Oberflache des Silici- 
30 um-Substrats abgeschieden werden, und 

Kornchen (6) aus einem Halbleiter-Material auf 
die Metallkeime (8) aufgewachsen werden. 

35 2. Verfahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 
adeln (2) umfaftt, nach Anspruch 1, 
dadurch gekennzeichnet, daft: 

40 eine isolierende Schicht (3) hergesteilt wird, die 

jede der Halbleiter-Mikronadeln (2) umgibt. 

3. Verfahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 

45 adeln (2) umfaftt, nach Anspruch 2, 
dadurch gekennzeichnet, daft: 

die isolierende Schicht (3) hergesteilt wird, in- 
dem der Raum, der jede der Halbleiter-Mikron- 
50 adeln (2) umgibt, mit isolierendem Material 

ausgefullt wird. 

4. Verfahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 

55 adeln (2) umfaftt. nach Anspruch 3, 
dadurch gekennzeichnet, daft: 

die isolierende Schicht (3) durch chemisches 
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Abscheiden (CVD) hergestellt wird. 

5. Vertahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 
adeln (2) umfaGt, nach Anspruch 3, 

dadurch gekonnzeichnet, daG. 

die isolierende Schicht (3) hergestellt wird, in- 
dem die seitlichen Abschnitte und oberen En- 
den der Halbleiter-Mikronadeln (2) oxidiert wer- 
den. 

6. Verfahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 
adeln (2) umfaGt, nach den Anspruch en 1 bis 5, ' 
dadurch gokennzoichnet, daG: 

die Punktmaske (Ms1 ,Ms2) von der Oberflache 
des Silicium-Substrats (1) entlernt wird, und 

eine obere Elektrode (4) Qber dem oberen En- 
de der Halbleiter-Mikronadeln (2) hergestellt 
wird, wobei die obere Elektrode (4) elektrisch 
mit jeder der Halbleiter-Mikronadeln (2) ver- 
bunden ist. 

7. Verfahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 
adeln (2) umfaGt, nach Anspruch 6, 
dadurch gokennzoichnet, daG: 

ein p-n-Ubergang (2a) in dem Siltcium-Substrat 
(1) hergestellt wird, und 

die Halbleiter-Mikronadeln (2) hergestellt wer- 
den, indem bis an einen Punkt geatzt wird, der 
wenigstens niedriger ist als der p-n-Ubergang 
(2a). 

8. Verfahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 
adeln (2) umfaGt, nach Anspruch 6 und 7, 
dadurch gokennzoichnet, daG: 

einediskrete isolierende Schicht (9) hergestellt 
wird, die die Ansammlung von Halbleiter-Mi- 
kronadeln (2) umgibt. 

9. Verfahren zum Herstellen einer Halbleiter-Vorrich- 
tung, die eine Ansammlung von Halbleiter-Mikron- 
adeln (2) umfaGt. nach Anspruch 8, 
dadurch gekonnzeichnet, daG: 

wenigstens eine seitliche Elektrode (10) herge- 
stellt wird, die die diskrete isolierende Schicht 
(9) umgibt. 



tung, die eine Ansammlung von Halbleiter-Mikron- 
adeln (2) umfaGt, nach einem der vorangehenden 
Anspruche, 

dadurch gekonnzeichnet, daG: 

Rhodium oder Zinn als Metallkeime (8) verwen- 
det werden. 



to Revendications 

1. Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
de semiconducteur (2), comprenant : 

15 

la gravure d'un substrat de silicium en utilisant 
un masque de points (Mst , Ms2) de maniere a 
former un grand nombre de micro-aiguilies (2) 
de semiconducteur s'etendant chacune depuis 
20 la surface du substrat de silicium (1) jusqu'a 

une profondeur specifiee, ledit masque de 
points (Ms1 , Ms2) etant forme par le depot d'un 
grand nombre de grains sur ledit substrat de 
silicium (1), chacun desdits grains presentant 
un diametre suffisamment faible pour provo- 
quer des effets de dimension quantique dans 
le materiau semiconducteur sous-jacent aprds 
la gravure, 

caracterise en ce que lors de I'etape de for- 
mation dudit masque de points, des germes metal- 
liques (8) sont deposes a la surface dudit substrat 
de silicium, et 

des grains (6) d'un materiau de semiconduc- 
teur sont mis a croitre sur lesdits germes me- 
tal liques (8). 

Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
de semiconducteur (2), selon la revendication 1, 
caracterise en ce que 

une couche isolante (3) est formee autour de 
chacune desdites micro-aiguilles (2) de semi- 
conducteur. 

t. Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
de semiconducteur (2), selon la revendication 2, 
caracterise en ce que 

ladite couche isolante (3) est formee en rem- 
plissant I'espace entourant chacune desdites 
micro-aiguilles (2) de semiconducteur par un 
materiau isolant. 



10. Verfahren zum Herstellen einer Halbleiter-Vorrich- 4. Procede de tabrfcattan tfun dispositif de semicon- 
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ducteur comprenant un agregat de micro-aiguilles 
. (2) de semiconducteur, selon la revendication 3, 
caracterise en ce que 

ladite couche isolante (3) est formee par depot 5 
chimique en phase vapeur (CVD). 

Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
(2) de semiconducteur, selon la revendication 3, io 
caracterise en ce que 



au moins une electrode laterale ( 1 0) est formee 
autour de ladite couche isolante discrete (9). 

10. Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
(2) de semiconducteur, selon I'une des revendica- 
tions precedentes., 

caracterise en ce que 

du rhodium ou de retain sont utilises comme 
germes metalliques (8). 



ladite couche isolante (3) est formee par I'oxy- 
dation des parties late rales et des extremites 
superieures desdites micro-aiguilles (2) de 
semiconducteur. 

Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
(2) de semiconducteur, selon les revendications 1 
a 5, 

caracterise ence que 

ledit masque de points (Ms1, Ms2) est elimine 
de la surface dudit substrat de silicium (1 ), et 
une electrode superieure (4) est formee au- 
dessus de I'extremite superieure desdites mi- 
cro-aiguilles (2) de semiconducteur, ladite elec- 
trode superieure (4) etant reiiee electriquement 
a chacune desdites micro-aiguilles (2) de semi- 
conducteur. 



. Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
(2) de semiconducteur, selon la revendication 6, 
caracterise en ce que 

une jonction p-n (2a) est formee dans ledit 
substrat de silicium (1), et 
lesdites micro-aiguilles (2) de semiconducteur 
sont formees par gravure jusqu'a un point au 
moins plus bas que ladite jonction p-n (2a). 

8. Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
(2) de semiconducteur, selon les revendications 6 
et7, 

caracterise en ce que 

une couche isolante discrete (9) est formee 
autour de I'agregat de micro-aiguilles (2) de 
semiconducteur. 



9. Procede de fabrication d'un dispositif de semicon- 
ducteur comprenant un agregat de micro-aiguilles 
(2) de semiconducteur, selon la revendication 8, 
caracteris6 en ce que 
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Fig. 9 
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Fig.11 
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Fig. 13 
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Fig.14 
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Fig.16 
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Fig.18 




34 



EP 0 652 600 B1 



Fig. 20 
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Fig.26 
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Fig.28(a) 
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Fig.29 
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Fig.32(a) 
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